The mechanism of forward angle incoherent photoproduction of pseudoscalar mesons off nuclei is revisited via the time-dependent multicollisional Monte Carlo (MCMC) intranuclear cascade model. Our results-combined with recent developments to address coherent photoproduction-reproduce with good accuracy recent JLab data of π 0 photoproduction from carbon and lead at an average photon energy k ∼ 5.2 GeV. For the case of η photoproduction, our results for k = 9 GeV suggest that future measurements to extract the η → γ γ decay width via the Primakoff method should be focused on light nuclei, where the disentanglement between the Coulomb and strong amplitudes is more easily achieved. The prospects to use heavy nuclei data to access the unknown ηN cross section in cold nuclear matter are also presented.
The mechanism of forward angle incoherent photoproduction of pseudoscalar mesons off nuclei is revisited via the time-dependent multicollisional Monte Carlo (MCMC) intranuclear cascade model. Our results-combined with recent developments to address coherent photoproduction-reproduce with good accuracy recent JLab data of π 0 photoproduction from carbon and lead at an average photon energy k ∼ 5.2 GeV. For the case of η photoproduction, our results for k = 9 GeV suggest that future measurements to extract the η → γ γ decay width via the Primakoff method should be focused on light nuclei, where the disentanglement between the Coulomb and strong amplitudes is more easily achieved. The prospects to use heavy nuclei data to access the unknown ηN cross section in cold nuclear matter are also presented. As first proposed by Primakoff [1] , the electromagnetic coupling between real/virtual photons with the Coulomb field of atomic nuclei provides an appropriate framework for the extraction of the radiative decay widths of pseudoscalar mesons P →γ γ . The angular distributions (
) γ A→P X at extreme forward angles can be expressed as a sum of a coherent (X ≡ A) and an incoherent part. The coherent contribution includes two different processes associated with the Coulomb (γ γ * P ) and strong (γ V P ) couplings and can be evaluated under the context of the vector dominance model (VDM) using a Glauber multiple scattering calculation [2] .
A further investigation of the mechanism of coherent photoproduction was recently proposed in Ref. [3] . In this work, the authors included initial and final state interactions (ISI/FSI) of the photoproduced mesons and calculated the Coulomb and strong components of the cross sections by constraining the relevant inputs with the elementary photoproduction off nucleons. Consequently the approach described in Ref. [3] opens the possibility to determine the relative strengths and phases between the Coulomb and strong components without free parameters.
The incoherent part includes the contributions from all nuclear excited states and can be factorized in terms of an incoherent sum of single nucleon amplitudes. As we have shown in recent works dedicated for incoherent π 0 [4] , η [5] , and ω [6] photoproduction, such inelastic mechanism can be well described in terms of semiclassical transport calculations, such as the multicollisional Monte Carlo (MCMC) intranuclear cascade model. A detailed explanation of the method can be found in Ref. [4] and references therein.
The radiative decay width of the neutral pion-which consists of a fundamental and measurable quantity of quantum chromodynamics (QCD)-has been subject of intense theoretical [7] and experimental efforts. From the experimental scenario, the most recent and high precision measurement was carried out by the PrimEx Collaboration at the Thomas Jefferson Laboratory (JLab) [8] . Detailed explanations regarding * tulio@if.usp.br the theoretical and experimental aspects of the radiative decay of pseudoscalar mesons can be found in Refs. [9, 10] .
In this Brief Report, we revisit the angular distributions of π 0 and η photoproduction from complex nuclei at few GeV combining the state-of-the-art coupled-channel MCMC model with the recent predictions for coherent photoproduction obtained in Ref. [3] . Our goal is to provide a consistent interpretation for the cross section excess at larger angles found for π 0 photoproduction in Ref. [3] when comparing their results with PrimEx data [8] and associate this difference to the mechanism of incoherent production; which was not taken into account in Ref. [3] . For the case of η photoproduction, we expect to show the potentialities of the MCMC model for the delineation of the inelastic background in future experiments dedicated for the chiral anomaly of QCD via the Primakoff method [11] , and also the prospects to extract the in-medium ηN cross section via nuclear measurements.
The nuclear incoherent (NI) cross section is calculated starting with the photoproduction mechanism off nucleons:
where k and p represent, respectively, the four-momentum of the incoming photon and produced meson, with p 1 and p 2 being the initial and final four-momentum of the struck nucleon. The second step describes the relativistic propagation of the mesons in the nuclear medium via the time-dependent semiclassical MCMC model. In this step, the nuclear effects of Fermi motion (FM), Pauli-blocking (PB), photon shadowing (PS), and meson-nucleus FSI are taken into account [4] .
The nucleon cross sections for π 0 and η photoproduction are calculated assuming a VDM and using a Regge phenomenology that includes ρ and ω poles plus Regge cuts [12] , such that [4, 13, 14] [4] due to the correction described in Ref. [14] and the exclusion of few data points at extreme forward direction. Details are in the text. 
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and the corresponding ρ and ω trajectories are taken from Ref. [4] . Table I due to short-range correlations for low t [17] . The Primakoff peak shown in Fig. 1 agrees with the predictions from Refs. [3, 18] and is one order of magnitude higher than our previous result (see Fig. 3 from Ref. [4] ) due to the correction discussed in Ref. [14] . For the case of η photoproduction, the absence of data for k 6 GeV at extreme forward angles makes it difficult to unambiguously extract the fitted parameters with the desired accuracy. We expect that further measurements on the proton will significantly improve this deficiency [11] .
The results for complex nuclei are then obtained after running the MCMC algorithm as described in Ref. [4] . Figure 2 shows our predictions for π 0 photoproduction (solid red lines) from carbon (left) and lead (right) simultaneously scaled by a factor C NI = 1.35 ± 0.03 to fit the cross section excess (data points) found in Ref. [3] . The excess is obtained by the subtraction of the coherent contribution (dashed blue lines) [3] from PrimEx data [8] and the error in C NI is only statistical. The cascade results consider a meson elasticity (ε π 0 = p 2 + μ 2 /k) greater than 0.982 in accordance with [8] , reproducing the data with reasonable accuracy (χ 2 /d.o.f. = 1.47). The strong correlation between the coherent and incoherent part of the cross section influences the analysis of carbon data, since both components have almost the same magnitude at θ π 0 ∼ 2.2 degrees. Also, the analysis performed by Group II from PrimEx (see Table I 
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Ref. [8] ) found C NI = 0.69 ± 0.05 for carbon when fitting the MCMC results with a slightly different pion elasticity (ε π 0 0.92). Despite to the fact that the present analysis refers to the data from Group I [19] (Figs. 3 and 4 from [8] ), we found a factor two between the fitting parameters C NI , indicating that the scaling of the MCMC predictions for the NI cross section is strongly dependent on the model used for the coherent part [2, 3] . Additional data at larger angles-where the coherent contribution vanishes-would provide a more stringent verification of the shape [20] and magnitude of the incoherent cross section. For the case of the lead target, the incoherent cross section is very small and the angular range of the measurements does not allow a definite conclusion about its contribution.
The calculations for η follow the same steps adopted for π 0 , except for the treatment of the η-nucleus FSI. The latter is evaluated considering only two processes for the ηN collisions: (i) the elastic ηN → ηN scattering and, (ii) the meson absorption ηN → XN. The total ηN cross section and the angular distributions for the elastic scattering are assumed to be proportional to the π 0 N case, such that: σ ηN→X = Cσ π 0 N→X and dσ ηN→ηN = Cdσ π 0 N→π 0 N , with σ π 0 N→X and dσ π 0 N→π 0 N taken from Ref. [4] and C representing a scaling factor independent of meson momentum. The results for incoherent η photoproduction at k = 9 GeV and C = 1 are presented (solid red lines) in the upper panels of Fig. 3 for carbon (left) and lead (right), where we also show the predictions for the coherent part (dashed blue lines) from Ref. [3] . It is verified that for polar angles typically above 1.0 to 1.2 degrees the incoherent processes are the most relevant mechanisms with the coherent cross sections being clearly negligible above approximately 1.5 degrees. This finding-combined with high-precision measurements at higher angles-can constrain the contribution of the inelastic backgrounds due to incoherent photoproduction also below the Coulomb peaks, which are the crucial signals for the extraction of the decay width. Furthermore, considering the differential cross sections dσ d , the Coulomb peak angle is target independent to first order (∼ μ 2 2k 2 ), while the strong peak angles occur at multiples of ∼ 2 kR (R being the nuclear radius). Consequently, for heavy nuclei both components peak almost at the same angles and the extraction of the decay width via a fitting procedure becomes more challenging. For light nuclei, on the other hand, the situation is completely different and the Coulomb peak is clearly identified in Fig. 3(a) . For this reason, further measurements of the η → γ γ decay width via the Primakoff approach should be focused on light nuclei as they provide much higher electromagnetic responses when compared to the proton target (factor Z 2 ). The lower plots of Fig. 3 represent the increase (∼20% for carbon and ∼55% for lead) of the incoherent cross sections assuming a smaller ηN cross section (C = 0.5). Future measurements for heavy nuclei at larger angles-where the coherent parts are negligible-represent promising candidates to determine the unknown ηN cross section in the medium.
In conclusion, the MCMC cascade has shown that the cross section excess found for carbon in Ref. [3] can be consistently assigned to the mechanism of incoherent photoproduction with a fitted parameter (C NI = 1.35 ± 0.03) a factor two higher than the value found in Ref. [8] . This result shows that the scaling of the MCMC model (NI process) with the PrimEx data at larger angles is strongly correlated with the coherent contribution [2, 3] . For the case of lead, the NI cross section is very small and one should consider additional measurements at higher angles with improved statistics before any definite conclusion. Our predictions for η photoproduction, together with the recent results from [3] , show qualitatively that future measurements of the η → γ γ decay width via the Primakoff method should be focused on the proton (to accurately constrain the parameters for the elementary amplitude) and also on light nuclei, where the Coulomb and strong parts are more easily separated [ Fig. 3(a) ]. The combination of the MCMC results with high precision measurements on heavy nuclei could also provide a suitable approach to access the unknown ηN cross section in cold nuclear matter.
